Replication and repair of DNA require equilibrated pools of deoxynucleoside triphosphate precursors. This concept has been proven by in vitro studies over many years, but in vivo models are required to demonstrate its relevance to multicellular organisms and to human diseases. Accordingly, we have generated thymidine phosphorylase (TP) and uridine phosphorylase (UP) double knockout (TP 2/2 UP 2/2 ) mice, which show severe TP deficiency, increased thymidine and deoxyuridine in tissues and elevated mitochondrial deoxythymidine triphosphate. As consequences of the nucleotide pool imbalances, brains of mutant mice developed partial depletion of mtDNA, deficiencies of respiratory chain complexes and encephalopathy. These findings largely account for the pathogenesis of mitochondrial neurogastrointestinal encephalopathy (MNGIE), the first inherited human disorder of nucleoside metabolism associated with somatic DNA instability.
INTRODUCTION
The notion that a balanced pool of deoxyribonucleoside triphosphate (dNTP) precursors is required for DNA replication and repair has been studied in vitro for more than four decades (1, 2) , but its relevance to human disease was not documented until 1999, when mutations on the TYMP gene were identified as the cause of mitochondrial neurogastrointestinal encephalopathy (MNGIE). This autosomal-recessive disease is characterized by extraocular muscle weakness manifesting as ptosis and ophthalmoplegia, peripheral neuropathy, gastrointestinal dysmotility causing severe cachexia, leukoencephalopathy and mitochondrial abnormalities (3 -5) . TYMP mutations cause a severe decrease of thymidine phosphorylase (TP) activity; marked elevations of the pyrimidine nucleosides thymidine (Thd) and deoxyuridine (dUrd) in plasma and tissues and somatic multiple deletions, depletion and site-specific point mutations of mtDNA (3,4,6 -12) . The point mutations are predominantly T-to-C transitions preceded by 5 0 -AA sequences, suggesting that elevated deoxythymidine triphosphate (dTTP) induces next-nucleotide effects in this disease (9) . On the basis of these findings, we hypothesized that elevations of Thd and dUrd in MNGIE cause nucleotide pool imbalance, which, in turn, causes mtDNA instability (4, 7) . The relationship between increased Thd levels, unbalanced mitochondrial dNTPs and mtDNA alterations has been demonstrated in vitro. HeLa cells and human fibroblasts exposed to 10-50 mM Thd showed unbalanced mitochondrial dNTPs and mtDNA deletions and depletion, which were more prominent in quiescent cells (13 -15) . Although the in vitro results support our hypothesis for the pathogenesis of MNGIE, an in vivo model is necessary to validate this mechanism, understand the tissue specificity and test potential therapies. To address these issues, we have generated TP knockout (TP 2/2 ) mice, which have no observable clinical phenotype, but show modest elevations of Thd and dUrd. Because murine uridine phosphorylase (UP) degrades Thd and dUrd, we obtained UP knockout (UP 2/2 ) mice (16) and have generated TP/UP double knockout (TP 2/2 UP 2/2 ) mice. Similar TP 2/2 UP 2/2 mice generated by Haraguchi et al. (17) , that show leukoencephalopathy without depletion or deletions of mtDNA, were not available. In the present work, we characterize the biochemical, genetic and histological traits of our TP 2/2 UP 2/2 mice, which reproduce features of MNGIE.
RESULTS

Disruption of
Tymp gene and generation of TP 2/2 UP 2/2 mice
We generated a TP 2/2 mouse by electroporation of a DNA cassette, which comprised a phosphoglycerate kinase promoter and neomycin resistance gene flanked by LoxP sites (PGK-Neo cassette, LPN) disrupting the TP consensus sequence located in exon 4 of the mouse Tymp gene into embryonic stem (ES) cells (Supplementary Material, Fig. S1 ). Homologous recombinants were identified by polymerase chain reaction (PCR) screening and confirmed by Southern blot analysis. Mutant ES cells were microinjected into blastocysts and produced four chimeric mutant mice. We successfully obtained germ-line transmission of the mutation and generated homozygous mutant mice (Supplementary Material, Fig. S1 ).
To avoid remote effects of the PGK-Neo cassette inserted into Tymp gene, we have successfully floxed out the cassette by crossing the TP-knockout mice with CRE-expressing mice (Supplementary Material, Fig. S1 ). We have backcrossed our mice with C57BL6/J mice for 10 generations to produce TP 2/2 animals with a homogeneous nuclear DNA background. TP 2/2 mice have no observable clinical phenotype with increased Thd in lung and dUrd in spleen, but no significant changes of nucleosides in the brain, muscle, small intestine and kidney (Fig. 1) .
Because murine UP degrades Thd and dUrd, we crossed our TP 2/2 mice with UP 2/2 mice (knock out of the Upp1 gene encoding UP) (16) to obtain TP þ/2 UP þ/2 mice and intercrossed these mice to generate TP 2/2 UP 2/2 mice. The cumulative genotype ratios (þ/þ: þ/2: 2/2) in the offspring followed the expected Mendelian distribution (1:2:1), indicating that TP 2/2 UP 2/2 is not embryonically lethal. The double knockouts are fertile, exhibit normal growth and lifespan, but develop kyphosis at the age of 5 months.
Undetectable TP activity and increased levels of Thd and dUrd in TP 2/2 UP 2/2 mice tissues TP 2/2 UP 2/2 mice showed undetectable TP activity in the brain, heart, lung, muscle, spleen, small intestine and kidney, but 17% in liver relative to TP þ/þ UP þ/þ mice ( Table 1) . As a consequence of the TP deficiency, in all tissues of the double-knockout animals, Thd and dUrd were increased 4-65-fold relative to wildtype littermates (Fig. 1) ; and the highest levels of both nucleosides were detected in spleen, kidney, lung and muscle and the lowest in liver, small intestine, heart and brain (Fig. 1) . In contrast, UP 2/2 mice showed a significant increase of only dUrd in heart. Thd and dUrd levels were increased in all analyzed tissues of TP 2/2 UP 2/2 mice compared with wild-type (TP þ/þ UP þ/þ ) mice. Bars patterns representing different mice are indicated at the bottom of the figure: As an unbalance of mitochondrial DNA precursor has been considered the cause of the mtDNA instability in MNGIE, we measured levels of mt-dNTPs in the mouse model. We observed significant increases of dTTP in brain (P , 0.01) and liver mitochondria (P , 0.05) ( Fig. 2A and B ) and a significant decrease of dCTP in brain mitochondria (P , 0.05) of TP 2/2 UP 2/2 mice ( Fig. 2A) . The ratios of the Tk2-dependent mitochondrial dNTPs, dTTP/dCTP, were higher in mitochondria from brain (2.0) and liver (1.
brain (0.7) and liver (1.0), indicating that dNTPs imbalance is more severe in brain than in liver.
To confirm the link between increased Thd and mitochondrial dTTP, we measured the mitochondrial dNTPs in liver 20 min after intraperitoneal injections of Thd (100 mg/kg bw). We noted a 1250% increase of Thd levels in liver over baseline levels in TP 2/2 UP 2/2 mice (P , 0.001) (Supplementary Material, Fig. S2A ). The elevated Thd provoked a more severe imbalance of mitochondrial dNTPs, with a 2.2-fold increase in the dTTP/dNTP ratio (representing the amount of dTTP relative to total dNTP pool) of Thd-treated versus untreated doubleknockout mice (Supplementary Material, Fig. S2B ).
MtDNA depletion in the brain of TP 2/2 UP 2/2 mice Because MNGIE patients have alterations of mtDNA in affected tissues, we also screened mtDNA for depletion, deletions and point mutations in our mouse model. We observed 27% depletion in the brain of 6-month-old TP 2/2 UP 2/2 mice (Supplementary Material, Fig. S3 ) using quantitative real-time PCR with Taqman w MGB probes for COXI (mtDNA) and GADPH (nDNA). The reduction of mtDNA was more evident in older TP 2/2 UP 2/2 mice (14 -18 months old), which showed 61% depletion of mtDNA in brain relative to wild-type mice (n ¼ 5 in each group, P , 0.05), but not in other tissues (Fig. 3A) . The depletion of mtDNA relative to 18S rRNA (nDNA) in the brain of the oldest mice was confirmed by the Southern blot analysis (Fig. 3B) , which Ã P , 0.05 and In contrast, we did not detect deletions of mtDNA in the brain, muscle and small intestine from TP 2/2 UP 2/2 mice using long PCR to amplify nearly full-length mouse mtDNA (18) (data not shown).
Brain mtDNA sequence of two TP 2/2 UP 2/2 mice and a wild-type brain corresponded precisely to C57BL6/J mtDNA sequence (19) , except for a heteroplasmic C-to-T transition at nucleotide (nt) 15 588, which was preceded by three A residues in the D-loop of one mutant mouse (Fig. 3D ). This change was also present in the TP 2/2 UP 2/2 sibling, but not in non-
Published mtDNA sequences from 20 inbred mouse strains (including C57BL6/J) and two mouse cell lines, nt 15 588 contain a cytosine residue; whereas, in three wild-derived inbred strains (CAST/EiJ, MOLF/EiJ and PWD/PhJ) and a divergent common inbred strain (NZB/B1NJ), nt 15 588 harbors a thymine res idue (19, 20) . These data indicate that the heteroplasmic transition arose in the maternal lineage of the two siblings and is not pathogenic because it is present in four mouse strains, which have the most divergent mtDNA sequences compared with the remaining strains (19) . A selection bias against maternal transmission of pathogenic point mutations may be contributing to the absence of coding region mtDNA polymorphisms (21, 22) .
Sequencing of mtDNA genes ND3, ND6 and Cyt b as well as the D-loop of muscle and small intestine did not reveal point mutations. Because polymorphisms present at ,20% heteroplasmy are generally not detected by dideoxy-DNA sequencing, we also performed single-strand conformation polymorphism (SSCP) analysis of PCR-amplified fragments of ND3, ND6, Cyt b and D-Loop of mtDNA from small intestine, but we found no differences between TP 2/2 UP 2/2 and TP
Mitochondria respiratory chain deficiency in the brain of TP 2/2 UP 2/2 mice Because brain was the only organ manifesting mtDNA alterations in TP 2/2 UP 2/2 mice, we assessed respiratory chain complexes in this tissue biochemically and by western blot. Western blot analysis of periventricular cerebral hemispheres showed a trend toward reduced levels of mtDNA-encoded proteins, ND6 (15% decrease) and COXI (20% decrease), in TP 2/2 UP 2/2 mice (n ¼ 7) relative to wild-type mice (n ¼ 5) (Fig. 4A and B) . In contrast, levels of nuclear-encoded protein, Core2 and CVa, were similar in TP þ/þ UP þ/þ and TP 2/2 UP 2/2 mice. Consistent with the mtDNA depletion in the brain of TP 2/2 UP 2/2 mice, this tissue showed 30% reduced activities of complexes I (P , 0.005) and IV (P , 0.05) (Fig. 4C and D) . Citrate synthase (CS) activity, a marker of mitochondria abundance, was normal in the brain of TP 2/2 UP 2/2 mice (Fig. 4E ).
Histology and magnetic resonance imaging
To assess the consequences of the mitochondrial respiratory chain defect in the brain of mutant mice, we performed histological and magnetic resonance imaging (MRI) studies. In young animals (7-month-old TP 2/2 UP 2/2 versus 6-month-old TP
no histological changes were detected with hematoxylin and eosin (H&E) and Luxol-fast blue (myelin stain) stains (data not shown). In contrast, 16-22-month-old TP 2/2 UP 2/2 mice showed white matter abnormalities that were not present in the 11-20-month-old TP þ/þ UP þ/þ mice and consisted of multiple vacuoles in subcortical, periventricular, internal capsule and cerebellar white matter (Fig. 5) . The vacuoles were larger and more abundant in the cerebellum than in other brain regions. Basal ganglia and the dentate nucleus in the older double-knockout mice also contained vacuoles, although less prominently than the white matter. Myelin staining showed homogeneous blue intensity throughout the white matter, as well as normal myelinated axons, thus excluding focal demyelination ( Fig. 5C and  D) . MRI showed increased T2 signal in the cerebral white matter of a 22-month-old TP 2/2 UP 2/2 mouse (Fig. 5H ), compared with an age-matched TP (Fig. 5G) , an indication of leukoencephalopathy.
DISCUSSION
TP catalyzes the conversion of the nucleosides, Thd and dUrd, to the bases, thymine and uracil, plus 2-deoxy ÃÃ P , 0.01
1-ribose-phosphate. In MNGIE, TP deficiency caused by mutations in the TYMP gene provokes more than 100-fold elevations of Thd and dUrd in plasma and tissues and pathogenic somatic mtDNA alterations. To understand the pathogenic mechanism of MNGIE, we initially generated TP mice, which show no abnormalities of growth, development, sexual maturation or reproductive ability, but develop kyphosis at the age of 5 months. TP activity was undetectable in all studied tissues except liver, which had 17% residual activity that is likely due to UP 2, encoded by Upp2 and expressed in murine liver (23) . As a consequence of TP deficiency in mutant mice, Thd and dUrd were significantly increased by 4 -65-fold in all tissues tested resulting in 2.8-and 1.7-fold elevations of dTTP:dCTP ratios in brain and liver, respectively. Importantly, brain of TP 2/2 UP 2/2 mice showed partial mtDNA depletion at 14-18 months, resulting in reduced activities of mitochondrial respiratory chain complexes I and IV. Neuropathological studies revealed late-onset vacuoles in cerebral and cerebellar white matter without demyelination or axonal loss, whereas MRI demonstrated increased T2 signal in the white matter. Thus, the TP 2/2 UP 2/2 mice recapitulated several features of patients with MNGIE including TP deficiency, elevated Thd and dUrd in tissues, mtDNA depletion, respiratory chain defects and white matter changes. Moreover, the mutant mice demonstrated dNTP pool imbalances, which have been hypothesized to exist in MNGIE.
In addition to leukoencephalopathy, patients with MNGIE also manifest extraocular muscle weakness, gastrointestinal dysmotility, cachexia, peripheral neuropathy and myopathy; this tissue-specificity suggests that in addition to TP deficiency, other factors dictate organ involvement (3, 5, 24) . This notion is further supported by the observation that, even among siblings with identical TYPM mutations, age-at-onset, sequence of tissue involvement and progression of the disease can vary considerably (24, 25) . In contrast to patients with multisystemic MNGIE disease, our TP 2/2 UP 2/2 mice with ubiquitous TP deficiency and elevated Thd and dUrd in tissues showed mtDNA depletion, respiratory chain defects and histological alterations only in the brain. The brain-specific phenotype in TP 2/2 UP 2/2 mice may be due to multiple factors including: (a) shorter life-span of mice compared with humans; (b) relatively modest increases of nucleosides in mutant mice; and (c) vulnerability of post-mitotic neurons. First, the average age-at-onset of symptoms in MNGIE is 18.7 years (range 5 months to 43 years) (5); therefore, the 2-year lifespan of mice may not be sufficient to allow significant accumulation of somatic mtDNA alterations and consequent respiratory dysfunction in most tissues of TP 2/2 UP 2/2 mice. Secondly, in contrast to humans who have undetectable levels of Thd and dUrd in tissues and plasma (,0.05 mM), wild-type mice have significant amounts of these pyrimidine nucleosides in tissues; therefore, TP 2/2 UP 2/2 mice tissues show only 4 -65-fold increases of Thd and dUrd, whereas MNGIE patients show .100-fold increases (11, 12) . Consequently, mitochondrial dNTP pool imbalances in MNGIE patients should be more dramatic than in TP 2/2 UP 2/2 mice and cause mtDNA instability in vulnerable tissues. Thirdly, quiescent cells in the G 0 phase (such as post-mitotic neurons) are more dependent on the TK2-mediated mitochondrial pyrimidine salvage pathway than mitotically active cells that express enzymes of the cytosolic salvage pathway, including TK1, and de novo nucleotide synthesis and hence have expanded dNTP pools, particularly during the S-phase, for DNA synthesis in the nucleus and mitochondria (13) . In support of this concept, Rylova et al. (26) have shown low expression of TK1 and high levels of TK2 transcript in the brain of 5-6-week-old CD-1 mice. Moreover, differential expression and activities of others enzymes involved in the pyrimidine metabolism, i.e. mitochondrial 5 0 -deoxynucleotidase 2, are likely to influence in the balance of the mitochondrial dNTP pools and contribute to the tissue-specific effects of TP deficiency.
In vitro studies performed by two independent groups support the notion that elevations of Thd and dUrd in MNGIE cause nucleotide pool imbalance, which, in turn, causes mtDNA instability. HeLa cells exposed to 50 mM Thd for 4 h showed alterations of mitochondrial pools with increased concentrations of dTTP (260% of controls) and deoxyguanosine triphosphate (dGTP) (220%) and decreased deoxyadenosine triphosphate (dATP) (78%) and deoxycytidine triphosphate (dCTP) (43%) (15) and after 8 months the cells developed multiple deletions of mtDNA. In contrast, cultured quiescent skin and lung fibroblasts maintained in 9-40 mM Thd and 0.1% FCS showed 2 -5.5-fold increases in cytosolic dTTP pools and 3.7-8.5-fold expansions of mitochondrial dTTP 50-80% depletion of mtDNA without deletions or point mutations of mtDNA after 14-64 days of treatment (13, 14) . The more pronounced elevation of mitochondrial dTTP pools in cultured cells relative to tissues of TP 2/2 UP 2/2 mice may account for the more rapid depletion and accumulation of deletions in vitro.
In contrast to our findings, Haraguchi et al. (17) described leukoencephalopathy with enlarged myelinated fibers in TP 2/2 UP 2/2 mice, but no mtDNA abnormalities, leading them to conclude that 'encephalopathy in MNGIE patients does not appear to be caused by mtDNA alterations'. These apparent discrepancies may be due to several limitations of the first study: (i) the mtDNA probe used to detect mtDNA depletion by Southern blot was not normalized to a nuclear DNA probe, and partial mtDNA depletion may have been overlooked; (ii) lack of screening mtDNA for point mutations; (iii) while the increase of Thd in the brain of their animals was comparable to that found in our TP 2/2 UP 2/2 mice, mitochondrial dNTPs were not measured; (iv) mitochondrial function was not analyzed in the brain of mutant mice; (v) experiments were performed in animals of varying ages; and (vi) the etiology of the white matter changes was not clearly defined.
Although leukoencephalopathy was identified in the prior TP 2/2 UP 2/2 mice study, demyelination was not observed by standard light microscopy but rather enlarged myelin sheaths with normal axons were detected by ultrastructural analyses (17) . In contrast, neuropathologic studies in our TP 2/2 UP 2/2 mice revealed a late-onset vacuolar leukoencephalopathy not associated with demyelination affecting cerebral and cerebellar white matter. In humans, neuropathologic studies of two MNGIE patients (27) revealed mild cerebral demyelination without cerebellar involvement and prominent accumulations of albumin in neurons and astrocytes, indicating impairment of the blood-brain barrier. White matter involvement has also been observed in other mitochondrial disorders including Kearns -Sayre syndrome (KSS), MELAS, Leigh syndrome, Leber hereditary optic neuropathy and complex I deficiencies (28 -30) . Importantly, KSS manifests prominent spongiform degeneration of the cerebral and cerebellar white and gray matter with dysfunction of the blood-brain barrier reminiscent of the changes in our TP 2/2 UP 2/2 mice (28,29,31). Additionally, in KSS, neuronal loss and degeneration, predominantly in the brainstem and cerebellum, and demyelination in cerebral and cerebellar white matter have been observed. The white matter vacuoles without myelin loss found in our TP 2/2 UP 2/2 mice may be due to disruption of the blood-brain barrier causing edema that precedes demyelination. Further neuropathologic studies are necessary to elucidate the nature and evolution of this leukoencephalopathy in this animal model.
In conclusion, this analysis of TP 2/2 UP 2/2 mice is the first in vivo study to link increased Thd levels, imbalances of mitochondrial dNTPs, mtDNA depletion and mitochondrial dysfunction. These findings, in large part, account for the pathogenic mechanism of MNGIE, the first inherited human disease of nucleoside metabolism with somatic DNA instability. Moreover, this knockout mouse represents an important model to further investigate the pathophysiology of leukoencephalopathy in mitochondrial diseases and is a useful tool to assess tissue specificity and develop therapeutic strategies for MNGIE.
MATERIALS AND METHODS
Generation of TP
2/2 UP 2/2 mice A summary is described in Results section and further information is listed in Supplementary Material, Methods.
TP activity assay
TP activity was measured using a high-performance liquid chromatography (HPLC) detection method as described previously (12, 32) .
Thd and dUrd measurements
dThd and dUrd levels were assessed by a gradient-elution HPLC method as described previously (33), with minor modifications. Briefly, deproteinized samples were injected into an Alliance HPLC system (Waters Corporation) with an Alltima C 18 NUC reversed-phase column (Alltech) at a constant flow rate of 1. Absorbance of the eluates were monitored at 267 nm and dThd and dUrd peaks were quantified by comparing their peak areas with a calibration curve obtained with aqueous standards. For definitive identification of dThd and dUrd peaks for each sample, we used a second aliquot treated with excess of purified E. coli TP (Sigma) to specifically eliminate Thd and dUrd. The detection limit of this method is 0.05 mmol/l for both deoxynucleosides.
Mitochondria isolation and mt-dNTPs pool determination
We measured mt-dNTPs pool by the DNA polymerase extension assay as described previously (34, 35) . Briefly, liver and brain homogenates were centrifuged at 1000g for 3 min at 48C (twice) and supernatants were centrifuged at 9000g (liver) or 15 000g (brain) for 5 min at 48C (twice). Mitochondrial pellets from brain and liver were re-suspended in 200 ml of cold water and an aliquot of 10 ml was used to measure
proteins. Then, the dNTPs were extracted with 60% methanol and after evaporation the dry residue was re-suspended in 60 ml of water (34, 35 
Intraperitoneal Thd administration
An amount of 100 mg/kg body weight was injected intraperitoneally to each mouse. Because pharmacokinetics of Thd and its analogs show maximal absorption at 20-30 min after intraperitoneal administration (34, 36) , we sacrificed our mice 20 min after injection. Tissues were collected and processed to determine the Thd levels and mitochondrial dNTPs as described above.
mtDNA quantification
Mouse mtDNA was quantitated by real-time PCR using an ABI PRISM 7000 sequence detection system as described using primers and probes for murine COX I gene (mtDNA) and mouse glyceraldehyde-3-phosphate dehydrogenase (nDNA) (37) . The values mtDNA levels were normalized by nDNA, and the data were expressed in terms of percent relative to wild-type mice.
Brain mtDNA was also assessed by Southern blot as described with slight modifications (10) . Briefly, 5 mg of total brain DNA was digested with the restriction enzyme NcoI (New England Biolabs, USA) to linearize mtDNA by cutting the circular molecule at unique site 9217 -9221. The DNA samples were subjected to electrophoresis through a 0.8% agarose gel and transfer to nylon membrane (BioRad, Hercules, CA, USA). The PCR-amplified templates for the hybridization probes corresponding to whole linearized mtDNA and mouse 18S rRNA (nDNA) (Ambion, USA) were labeled with a-32 P-dATP (Random Primed DNA Labeling kit, Roche Diagnostic Corp.). The signals were analyzed in the Molecular Imager System GS-363 (Biorad) to quantitate the mtDNA and nDNA bands.
MtDNA deletions
MtDNA deletions were detected by long PCR as described previously (18) . Briefly, mouse mtDNA was amplified from 100 ng of total DNA with the primers at nucleotides 1953 -1924 (forward) and 2473 -2505 (reverse) of mouse mtDNA and using TaKaRa LA Taq TM (Takara Bio Inc., Japan) with buffer 2 and the following PCR conditions: 988C for 10 s and 688C for 15 min, 30 cycles.
MtDNA point mutations
PCR products of the brain mtDNA described above were purified using QIAquick PCR Purification Kit (QIAGEN Inc., USA). The resultant products were used to amplify 28 overlapping segments of 400 -650 bp covering 95.6% of the entire mtDNA. The remained 4.4% (819 bp) were amplified directly from brain mtDNA in two overlapping segments that were directly sequenced. Moreover, we determined the mtDNA regions (ND3, ND6, cyt b and D-Loop) with highest frequency of (A) n T sequences, which are commonly mutated in MNGIE patients (9) . We sequenced those mtDNA regions in muscle and small intestine. All PCR were performed with 400 pM forward primer (Supplementary Material, Tables S1, S2 and  S3) and 400 pM reverse primer (Supplementary Material,  Tables S1, S2 and S3 ). In addition, we performed SSCP analysis of small fragments of ND3, ND6, cyt b and D-Loop in small intestine DNA as described elsewhere (38, 39) .
Western blot analyses
Periventricular section of the brains were dissected, and the extracts were obtained in 0.5 mM PMSF, 50 mM Tris/HCl (pH 7.6), 2 mM DTT, 5 mM benzamidin, 5% NP-40 and 2.5% Glycerol. Thirty micrograms of periventricular extracts were electrophorezed in an SDS-12% PAGE gel, transferred to Immun-Blot TM PVDF membranes (Biorad) and probed with Rodent Total OXPHOS Complexes Detection Kit cocktail of antibodies (MitoSciences, Eugene, OR, USA). Proteinantibody interactions were detected with peroxidase-conjugated mouse anti-mouse IgG antibody (Sigma-Aldrich, St. Louis, MO, USA), using SuperSignal w chemi-luminiscence detection kit (Thermo Fisher, Waltham, MA, USA). Quantification of proteins was carried out using NIH ImageJ 1.37V software.
Mitochondrial respiratory chain complexes activities
To measure the complex activities, 40-70 mg tissue was homogenized in 500 ml of CPT medium, sonicated during 10 s and centrifuged at 1000g for 10 min at 48C. The supernatant was used for protein determination and enzymatic assays. Complex I (CI) activity was measured following the oxidation of NADH at 340 nm (40) and subtracting residual activity in the presence of rotenone (10 mg/ml) from total activity. Complex IV (COX) activity was measured following the reduction of cyt c at 550 nm (41) . Citrate synthase activity was measured following the reduction of 100 mM 5,5 0 -dithiobis(2-nitrobenzoic acid) at 412 nm (308C) in the presence of 60 mg of sample protein (41) . Results of CI and COX activities were normalized to CS activity.
Histological studies
Six mice, three TP þ/þ UP þ/þ (sacrificed at ages 7, 11 and 14 months) and three TP 2/2 UP 2/2 (sacrificed at 6, 17 and 18 months), were analyzed. Brains were removed, fixed in formalin, and embedded on paraffin. Serial sections of brains were cut in a cryostat at 6 mm thickness and were deparaffinized with xylene. To evaluate neuropathologic alterations, sections were stained with hematoxylin and eosin (H&E) and Luxolfast blue (myelin), according to the standard methods.
Immunostains were applied to sections of the cerebral cortex, white matter, hippocampus, basal ganglia, choroid plexus and cerebellum. The intensity of the immunostain was analyzed using a computer-assisted image analysis system (42) . Sections were examined at Â100-400 magnifications with an Olympus BX51 microscope, and the images were scanned under equal light conditions with the Qcapture computer program.
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MRI analysis
MRI studies were conducted on a General Electric 3.0 T whole-body MRI scanner with a high-performance, actively shielded gradient coil system capable of magnetic field gradients of up to 50 mT/m and slew rates of up to 200 mT/m/s. Radiofrequency transmission and signal detection were performed with a 20 Â 14 mm elliptical surface coil that was placed directly over the mouse head. Scans were carried out in a custom-designed Plexiglas chamber that allowed continuous delivery of isoflurane gas to keep the animals anesthetized during the measurements. To eliminate motion artifacts, the RF coil and the mouse were secured in a tightly fitting styrofoam former inside the Plexiglas anesthesia chamber, which was in turn secured to the scanner The data were zero-filled to yield a final image size of 512 Â 512 pixels, with a 60 mm in-plane resolution.
Statistical analysis
Data are expressed as the mean + SD of five experiments per group. Two-tailed Student's t-test was used to compare the mean between groups. A P-value of ,0.05 was considered to be statistically significant.
